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An experimental investigation is conducted to determine the effect of pressure on 
breakdown threshold energies of methane and air. In addition the effect of pressure and 
equivalence ratios on minimum ignition energies of methane-air mixtures are also 
investigated. The pressures for the breakdown threshold energy experiments are varied 
from 0.02 to 1.17 MPa, and pressures and equivalence ratios for minimum ignition 
energy experiments are varied from 0.1 to 1.04 MPa and 0.6 to 1.2, respectively. The gas 
breakdown and the ignition of the methane-air mixture is achieved using a laser-induced 
spark from a 5.5 ns pulse Q-switched Nd:YAG laser at a wavelength of 1.064 µm. Since 
ignition is preceded by generation of a spark, thus determining the breakdown threshold 
energies can provide the insight on the generation of spark required for ignition. It is 
suggested that the gas that has lower breakdown threshold energy would provide the 
spark for ignition, and the minimum ignition energy would be close to the breakdown 
threshold energy of that gas. The breakdown threshold energies measured for methane at 
0.02 MPa and 1.17 MPa are 23.23 and 1.9 mJ and for air at 0.02 MPa and 1.17 MPa are 
28.84 and 2.74 mJ, respectively. The breakdown threshold energies of methane and air 
are found to be of the same order with breakdown threshold energies of air being a few 
millijoules higher than those of methane. It is observed that breakdown threshold 
energies of methane and air is always much larger than the minimum ignition energies of 
methane-air mixtures, and hence there is no correlation between breakdown threshold 
energy and minimum ignition energy. The mixture during the minimum ignition energy 
experiments ignited before the spark was generated. The temperature and pressure in the 
focused region were extremely high, which ignited the mixture directly or created a 
V 
rapidly expanding shockwave strong enough to ignite the mixture. The Results indicate 
that at a given equivalence ratio the minimum ignition energy decreases with increasing 
pressure. Furthermore at a given pressure minimum ignition energy is found to be lowest 
at stoichiometric and increases as the mixture deviates from stoichiometric. Similar to 
the breakdown threshold energy, the minimum ignition energy of methane-air mixture is 
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Using laser energy as a source for ignition in natural gas engines has recently 
attracted considerable interest due to some distinct proposed advantages from both 
practical and fundamental standpoints. Using lasers for ignition eliminates the spark 
plugs, which are one of the main causes for heat losses. Laser beams can be focused 
down to any desired point in the combustion region such that complete combustion can 
be achieved. It is non-intrusive and offers a possibility of multi-point ignition, which 
would again assist in complete combustion. Igniting mixtures at different locations 
simultaneously will reduce the burning time, which is very important in fuel-lean 
combustion applications. Also lasers can deliver high-energy pulses rapidly, which is 
essential for continuous ignition. In addition selective chemistry is possible as the laser is 
a monochromatic light source. It can eliminate problems like wall effects, heat loss 
through electrodes, partial burn and can avoid misfire. 
Ronney [ 1] proposed many advantages of using a laser as source of ignition. 
Using very lean combustion mixture in reciprocating engines or gas turbines will provide 
higher thermal efficiencies 11 and lower emissions of undesirable combustion products 
like NOx. However, burning mixtures that are too lean may lead to misfire or flame 
blowout conditions, which limits the performance of the devices. An optical ignition 
source that provides multiple ignition sites could provide efficient combustion of lean 
mixtures in these devices. Using this type of multiple sites for ignition the total energy 
absorption percentage of the laser energy can be increased, which will make the use of 
1 
laser energy for ignition more economical. Also the ability of lasers to ignite mixture in 
regions that are away from the combustor wall will reduce formation of soot on the solid 
surface of the wall. 
Another possible means of exploiting the benefits of lasers would be to modify 
the combustion chamber to obtain lower turbulence levels. All commercial combustion 
devices employ turbulence to accelerate mixing and burning, however this turbulence 
also increases heat losses to walls and pressure drops. Thus if the need for turbulence can 
be reduced by employing multipoint laser ignition then the combustion chamber can be 
redesigned to provide low turbulence levels, which ultimately lowers the heat losses. 
One application can be in jet propulsion. There is always a problem in propulsion 
applications when burning mixtures at supercritical velocities. Normally using a flame 
holder into the flow solves this problem. This flame holder causes additional drag. A 
laser ignition source could eliminate the need for a flame holder. 
Other advantages of laser ignition include the possibility of having very brief and 
rapidly repeating pulses of significant energy content. This would assist in complete 
combustion, which would lead to reduction in unburnt hydrocarbon emissions. 
Ronney concluded that the primary benefits of laser ignition for practical 
combustion devices probably lie in the ability to choose the location(s) and timing of 
ignition events in ways that are not feasible with conventional ignition systems. These 
benefits may also facilitate the possibility of monitoring and controlling the burning 
process in real time. Since the laser ignition system may be able to reduce overall 
burning time, it would be possible to burn quickly and expand the product gases to low 
2 
temperatures. This would reduce the formation of NOx and could shorten the length of 
the combustion section. 
Unfortunately, the use of lasers for ignition presents some implications, which are 
not obvious. To achieve breakdown with practical-size lasers the pulse-width of the laser 
will be typically two orders of magnitude smaller than that of the spark plug, and the 
pulse energy of the laser will typically be one or two orders of magnitude smaller than 
that of the spark plug. Also lasers might produce a spark in a very small, nearly spherical 
volume in contrast to the elongated, cylindrical spark discharge. These differences 
relative to spark plugs might alter the properties of the plasma discharge, ion-electron 
recombination rate and plasma chemistry properties and subsequent time-space 
characteristics of temperature, intermediate reactions and products. There might be 
differences in minimum ignition energy, ignition delay time, magnitude of shock heating 
of surrounding mixture and the turbulent flame speed obtained from the laser and 
electric-spark ignition processes. 
Very few studies have been done for studying laser ignition. The laser ignition 
studies have basically focused on the ignition process and flame propagation. Not much 
research has been done in determining the minimum ignition energies of different fuel-air 
mixtures at high pressures. For natural gas engines no data is available for minimum 
ignition energies at high pressures. 
In this investigation the breakdown threshold energies of methane and air were 
determined using laser-induced spark ignition for pressures ranging from 0.02 MPa to 
1.1 7 MPa. In addition, the minimum ignition energies of methane-air mixtures were 
determined for pressures ranging from 0.1 MPa to 1.04 MPa. In laser-induced spark 
3 
ignition, laser irradiance in the order of 1010 W/cm2 was required to generate a spark at 
the end of the laser pulse. This spark was generated under the strong electric field of the 
laser beam, and two primary mechanisms were responsible for this optical breakdown: 
the electron cascade process and the multiphoton ionization process. 
In multiphoton ionization process as discussed by Chen [2], the electron density 
increases constantly with the rate constant proportional to (kr, where IL is the laser 
irradiance and m is the number of photons required in the multi photon ionization process. 
As multiphoton ionization needs a certain number of photons to reach the ionization 
energy, it is dependent on the laser wavelength. 
m/lamhu>€1 
where, A is the laser wavelength, hu is the photon energy and €1 ionization energy. For 
example, the photon energy for a 10.6 µm CO2 laser is 0.1 eV and a 1.064 µm Nd-YAG 
laser is 1.0 eV and the ionization potential for 02, H2, CH4 and N2 is 12.071, 15.425 eV, 
12.51 and 14.531 eV, respectively; the multiphoton ionization process will require the 
absorption of 120 to 140 CO2 photons or 12 to 14 Nd-YAG photons to ionize these gases. 
The multiphoton ionization cross section was measured as 4 x 10-142 (W/cm2r12 [3] under 
the above conditions. Using a typical nanosecond laser with output energy of tens to 
hundreds mJ/pulse, the electron growth through· multiphoton ionization process is not 
quite sufficient to support the breakdown at atmospheric pressure, but it is possible to 
supply the required initial electrons for the impact ionization breakdown. For this type of 
non-resonant laser-induced breakdown the energy absorption of the initial plasma is very 
inconsistent, and is via electron-neutral inverse bremsstrahlung. When the electron 
density is sufficiently high, the absorption mechanism transfers to the electron-ion 
4 
inverse bremsstrahlung process. For the final ionization state, photon absorption by 
excited state species also contribute significantly. Once the plasma is created the 
incoming laser beam is absorbed nearly 100%, and the plasma temperature increases 
rapidly. Once the temperature and pressure increase greatly, the plasma starts expanding 
rapidly and drives a shock wave outward into the ambient gas to release the pressure. For 
a laser using a very short pulse (< 10 psec) and for gases at very low pressure (< 10 Torr) 
the multiphoton ionization process alone must provide the breakdown, since there is not 
sufficient time for electron-molecule collisions to occur and also the collision effects are 
negligible at this low pressure. The breakdown threshold energy will be much higher 
than the nanosecond laser-induced breakdown energy. 
The electron cascade process is not a self-initiating process. For this process to 
occur there should always be initial electrons present in the region. The electrons then 
absorb more photons via the inverse bremsstrahlung process and increase their kinetic 
energy. When the electrons gain sufficient energy, they start colliding with other gas 
molecules and ionize them. This leads to a cascade of electrons and breakdown of the 
gas. This process can be described as 
e- + X -+ 2e · + x+, e- + x+ -+ 2e· + x*, .... 
where, e- is electron, Xis gas molecule, x+ is positive ion and x++ is double positive ion. 
For laser pulses with long wavelengths this process usually predominates at high 
pressures since the gas molecules are close to each other and the chances of colliding 
increase. In combustion applications the generation of sparks for ignition is generally 
associated with this process. 
5 
The initial electrons required for the electron cascade process can be generated 
either by the multi-photon ionization process (if the laser irradiance is high enough), the 
thermionic emission in a larger particle, or through the electron-tunnel effect [ 4, 5]. 
Normally the laser beams are pulsed at Q-switch pulse duration of nanoseconds, and 
focused to a small volume for providing enough irradiance. There are some losses such 
as diffusion of electrons out of the focal volume, radiation, quenching of excited states 
due to collision, etc. Consequently focal volume, pressure, type of gas and the presence 
of impurities, such as aerosol particles or low ionization potential organic vapors assist in 
the generation of initial electrons. 
For the process that consists of multiphoton absorptions in the presence of losses, 
the optical intensities need to be extremely high to induce breakdown in the gases. To 
achieve this high-energy laser sources with short pulse durations and tightly focused 
beams are needed so that the pulse-energy can be sufficiently concentrated in the space 
and time to produce breakdown. These conditions lead to difficulties in producing laser 
pulses of energy, which are smaller than the minimum ignition energies for highly 
reactive mixtures with low minimum ignition energies. This is one of the reason why 
there has not been much research done in determining minimum ignition energies at high 
pressures. 
The objective of this investigation was to determine the effect of pressure 
breakdown threshold energies of methane and air using a laser-induced spark. In addition 
the effect of pressure and equivalence ratio on minimum ignition energies of methane-air 
mixtures was also investigated. This was done because in laser-induced spark ignition 
the formation of a spark precedes the ignition process. Hence it was important to have 
6 
knowledge of the condition at which the spark was produced. It was assumed that the gas 
that would breakdown first would provide the spark for the ignition of the mixture. Thus 
if at a given there was any correlation between the breakdown threshold energies of 
methane and air and minimum ignition energies of methane-air mixtures, then the 
minimum ignition energy of methane-air mixtures at that pressure would be close to the 
breakdown threshold energy of the gas that breaks down first at that pressure. Although 
large numbers of studies have been carried out on laser-induced breakdown in gases there 
is little data available for methane and air at high pressures. The results obtained in this 






For internal combustion engines, gas turbines and for explosion and fire hazard 
assessment knowledge of the ignition of premixed combustible gases is of great 
importance. It is important to have data for the minimum ignition energy of the mixture 
at the pressures at which it will be igniting in an engine. As a laser spark ignition 
proceeds first with the formation of spark, it is important to know at which conditions the 
spark is produced. To determine these conditions the breakdown threshold energies of 
the gases need to be determined for the same pressures. Determining the gas breakdown 
threshold also will help in the selection of optics windows and beam delivery system. 
This chapter gives an overview of the available literature on studies of the 
breakdown threshold energies and minimum ignition energies of different gases. Section 
2.1 presents previous studies of the breakdown threshold energies of different gases. 
Section 2.2 reviews studies on the minimum ignition energies of mixtures of different 
gases. 
2.1 BREAKDOWN THRESHOLD ENERGIES OF DIFFERENT GASES 
In the past few decades a lot of studies have been carried out for determining the 
breakdown threshold energies of a number of gases using different laser systems. Most 
of the investigations have been carried out using inert gases such as Argon, Neon, Xenon, 
9 
etc. In this section a brief description of the results obtained from these investigations is 
presented. 
Dewhurst [6, 7] used laser-induced breakdown to measure the breakdown 
threshold of rare gases such as helium, argon, neon, krypton and xenon. A single 
picosecond pulse from a ruby laser with time durations of 18 ± 4 ps was used to achieve 
the breakdown. Breakdown threshold energies were measured for pressures below ,...., 7000 
Torr. Dewhurst expected that the breakdown threshold was caused by a pressure­
independent process called multi photon ionization. However, experimental results 
showed breakdown threshold to be caused by a pressure-dependent process. 
Dewhurst used rare gases to produce results, which showed no evidence of a 
pressure-independent breakdown process at pulse duration of 7 ps. Breakdown threshold 
intensities never exceeded 10 13 W/cm2, which indicated that breakdowns were caused by 
cascade collision ionization and not multi-photon ionization. 
Fig 2.1 shows the breakdown threshold measurements for the rare gases. This 
shows the dependence of the relative intensity of the breakdown threshold on pressure. 
For helium and argon the results are compared with those obtained by Krasyuk [8] results 
with 30-100 ps pulses, and an important difference is observed between the two results . 
No transition to pressure independent multi photon ionization process was observed, but 
the breakdown threshold intensity behavior with pressure was similar to the previous 
results at 1.06 and 0.53 µm wavelengths. The breakdown threshold energy always varies 
with the pressure p as I a p-m, where I is the laser irradiance, p is the gas pressure and m 
is obtained from the results shown in Fig 2. 1 .  Moreover, within the pressure range used 
1 0  
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Figure 2.1 Breakdown thresholds in (a) helium; (b) argon; (c) neon, krypton and 
xenon, with the results for He and Ar summarized for comparison. The gradients of the 
full lines are: 0.90, 0.78, 0. 81, 0.61 , and 0. 63, respectively from Dewhurst [6] and the 
dotted lines are those of Krasyuk [8]. 
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there is no transition for other rare gases. The results also show that at any given 
pressure, the breakdown threshold is approximately proportional to the ionization 
potential of the gas used. Two things could be concluded: firstly, even if impurities create 
some free electrons they do not determine the breakdown threshold and secondly, there is 
no evidence of resonance effects, which could cause anomalously low breakdown 
thresholds in a particular gas. 
It can be seen from the results that the breakdown threshold intensities are 
strongly pressure-dependent and become higher at low pressures than expected for the 
onset of multi-photon ionization, which is contrary to the theoretical prediction ofBunkin 
and Prokhorov [9]. Table 2.1 shows breakdown threshold intensities at 0.694 µm for rare 
gases such as He, Ar, Ne, Kr, and Xe predicted from theoretical multiphoton ionization 
probabilities and calculated from perturbation theory and a quantum mechanical 
treatment of the radiation field. These were derived without considering the effect on the 
transition probabilities of large radiation field, and also the results were not lowered to 
take into account the nature of radiation. 
Experimental ionization probabilities could be used for predicting the onset of 
multiphoton ionization. Known probabilities taken from Voronov and Delone [10] and 
V oronov et al [ 11] were used to predict breakdown thresholds for Kr and Xe at laser 
irradiance of 1.1 x 10 13 and 5.6 x 10 12 W/cm2, respectively. Thus, for pressures less than 
8000 Torr, threshold intensities in both gases were expected to be pressure independent. 
Unfortunately, both theoretical and experimental ionization probabilities 
discussed above do not directly relate to strong radiation fields. Keldysh [5] showed that 
the behavior of multi photon ionization is related to a field parameter 'Y defined as 
12 
Table 2.1 Predicted breakdown thresholds at 0. 6943 µm from theoretical multiphoton 
ionization probabilities. The laser pulse duration is taken as 18 ps from Bebb and Gold 
[12] 
Predicted thresholds 0/\J cm-2) 
Gas Bebb and Gold (1 966) Gold and Bebb (1 965) 
He 3.7 X 1 0
13  
3.4 X 1 0
14 
Ne 1 . 1 x 1 0
13 
3.5 X 1 0
13 
Ar 1 .4 x 1 0
1 2  
9.3 X 1 0
13  
Kr 1 . 1 x 1 0
1 2  
3.0 X 1 0
13  
Xe 3.0 X 1 0
12 
1 .4 X 1 0
13 
13 
y2 = lo(2mol/e2E2) 
where 10 is the ionization potential of the gas, e, m and co are the electronic charge, mass 
and angular frequency of the radiation, respectively. Most determinations of the 
multiphoton ionization probabilities have been taken in the range y>> 1. 
The experimental results showed that there is no multi-photon ionization theory, 
which quantitatively explains breakdown threshold measurements in the regime 'Y � 1. 
Also for any give pressure, the breakdown threshold increased with increasing ionization 
potential, and no evidence of resonance effects was observed. 
Williams et al. [13] used a Nd: YAG laser at a wavelength of 0.53 µm to measure 
breakdown thresholds of laboratory air with pulses varying from 30 to 140 ps for a 
variety of focal point sizes. The rms of laser-induced breakdown field Es corresponding 
to the peak-on-axis irradiance, was found to increase as the pulse-width was decreased. 
The results were compared with the results obtained from earlier work done under similar 
conditions but using laser with a wavelength of 1.06 µm. For an equal pulse width and 
same focal point size, Es was greater for 0.53 µm than at 1.06 µm. However, the increase 
was weaker than the dependence predicted by cascade theory. 
Table 2.2 summarizes the breakdown thresholds for air at 0.53 µm. No air 
breakdown was observed for the 14 µm spot size for the highest output value available 
for the laser. Fig 2.2 shows more clearly the functional dependence of the breakdown 
electric field Es, for air at 0.53 µm wavelength. This is done by plotting Es versus the 
inverse pulse width on a log-log plot. The observed pulse width dependence of Es at 
0.53 µm is characteristic of a cascade ionization process in the high electric field limit. 
14 
Table 2.2 Laser induced breakdown data for air at 0.53 µm for spot size of 3.4 and 7.2 
µm. The absolute accuracy of these data is estimated to be ± 20% in the breakdown field 
from Williams et al [ 13] 
Air breakdown A "" 0,5J pm 
Wn ,,. E,, ,. p,, ,. 
i µml {psi (MV/ml (TW/c:m:) (MWJ (lrJ/cm!t 
20 - no -71 - ll. l - u  
).4 JJ ± s llO :t: 6  Ja ± l  7.0 ± 0,7 l .l :t -0. 1  
80 ±  5 8J ± 7  Ill ± 2  3.3 :t 0,'4 1 ,S ± 0,2 
100 ± JO 70 ± 5  13 ± 2  2.4 ± 0,) . 1.4 ± 0,l  
140 65 ± 4  10.7 ± 2  1 .9 ± 0.2 1 .6 ± 0,l 
)l ± J 129 ± 9  44 ± 5  .JS.8 ± 4  I .S ± 0.2 
7.l 89 ± 5 SO ±  7 17  ± l  1 3.1 ± 1.4 1 .6 ± 0.2 
1 10 ±  10 66 ±  4 1 1 .5 ± 1 .2  Q,4 ± 1 .0 1 .4 i 0.2 
15 
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Figure 2.2 Pulse width dependence of Ea for air at 0.53 µm for spot size of 3 .4 and 7.2 
µm. The slope of the linear least square fit of the data is 0.48 ± 0.08 which is 
approximate inverse (tp)
112 dependence. Owing to the lack of spot size dependence 
exhibited at this wavelength both sides of data were used in the linear least square fit 
from Williams et al [ 1 3] 
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This limit corresponds to a situation in which the increase in energy of the free electrons 
is simply proportional to the input irradiance and all the losses are negligible. The 
ionization rate is exponentially dependent on E for the lower field limit and the resulting 
pulse width dependence is relatively weak. 
Williams et al. concluded that the breakdown irradiance threshold at 0.53 µm 
exhibited a 1/t112 dependence, which is stronger dependence than that seen at 1.06 µm 
under similar conditions. The thresholds at 0.53 µm are higher than those at 1.06 µm. A 
multi-photon-assisted cascade ionization process is suggested as the breakdown 
mechanism for air under the given conditions. 
Rosen and Weyl [14] performed an experimental investigation of laser-induced 
breakdown for N2, Ar, Ne and Xe using an Nd: Y AG laser of 15 ns pulse at 0.53 and 0. 35 
µm wavelengths. In the pressure range of 0.2<p<15 atm the breakdown threshold 
intensity Ith was measured. In their investigation the threshold was defined as the 
appearance of a visible flash and/or greater than 5% absorption of beam energy. 
Fig 2.3 shows the measured breakdown thresholds in argon at 0.53 and 0.35 µm. 
Also shown are experimental results of Buscher et al (1965) [ 1 5] who used a frequency­
doubled Nd: YAO beam and a frequency doubled ruby beam. The variation with 
pressure was found to be p-0·85• The focal power densities plotted represent the peak 
values. From the Fig 2.3 it can be seen that there is quite close agreement between the 
two sets of experiments, although it is expected that threshold intensities of Buscher et al 
to be approximately 35% lower as they used longer pulse duration. On the other hand, 
the thresholds measured in Rosen and Weyl's work using a frequency-tripled Nd: YAO 
















Figure 2.3 The breakdown threshold in argon at A =  0.53 µm and A =  0.35 µm from 
Rosen and Weyl [ 14] where the round spots represent Rosen and Weyl 's results and the 
triangular spots represent Buscher. 
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using a frequency-doubled ruby (A = 0.53 µm), with very similar pulse duration and focal 
spot size. 
Breakdown thresholds measured for neon at 0.35 and 0.53 µm are shown in Fig 
2.4. At 0.35 µm the breakdown thresholds are seen to be about 2 to 2.5 times higher than 
at 0.53 µm. Also the thresholds measured in their work are about a factor of 8 higher 
than the thresholds measured by Alcock et al [ 16] with a frequency-doubled ruby beam 0, ..
= 0.35 µm) and a shorter pulse (tp = 8 ns). The thresholds are much higher in neon than 
in argon because the ionization energy of neon is higher (21.6 e V) as compared to argon 
(15.8 eV). 
Fig 2.5 shows the breakdown thresholds for xenon at 0.53 and 35 µm. The 
thresholds at 0.35 µm is about three times lower than that at 0.53 µm. The variation with 
pressure follows nearly a p- 1 law at both wavelengths. Thresholds are again higher than 
those reported by Buscher et al, but the discrepancy is only a factor of 2 as compared to 3 
to 5 for argon. 
For nitrogen, the breakdown thresholds at 0.53 and 0.35  µm are shown in Fig 2.6. 
The dependency of pressure is much weaker, Ith a p-0\ as compared to rare gases. The 
threshold of nitrogen is extremely high. It is higher than in neon, even though neon has 
an ionization potential of f:Ne = 21.6 eV as compared to f:N2 = 1 5.5 eV for nitrogen. 
Argon and nitrogen have similar ionization energies; still the breakdown threshold of 
nitrogen is 10 times higher than argon at the same pressure and wavelength. 
To summarize, the breakdown threshold intensity Ith in the pressure range 
0.2<p<l 5 atm was measured. At p = 3 atm Ith for 0.53 µm was found to be 1 x 10 12, 8 x 
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Figure 2.4 The breakdown threshold in neon at A. =  0.53 µm and A. =  0.35 µm from Rosen 
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Figure 2.5 The measured breakdown threshold in xenon at A = 0.53 µm and A = 0.35 µm 




tr, :  6 µm) 
1011L-------i...--...;..----------.-----:-=. 










Pressure l atm l 
. n only; (10coscades) 
I 10,01...,._ ____ ....__._......__�---� 
10 102 
Prtssure h1trn) 
Figure 2.6 The measured breakdown threshold in nitrogen at 11. = 0.53 µm and 11. = 0.35 
µm from Rosen and Weyl [ 14] .  
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and 2 x 10 10 W/cm2 for N2, Ar, Ne and Xe respectively. The p-1 scaling of Ith for Ne, Ar 
and Xe and p-0·6 scaling for N2 indicates that the threshold is associated at both 
wavelengths with avalanche breakdown rather than multi-photon ionization. Multi­
photon ionization of gases provides the seed electrons and reduces diffusion losses out of 
the focal volume. 
Turcu et al. [17] measured high thresholds for KrF laser breakdown at 0.248 µm 
wavelengths and a focal spot of 9 µm in several noble gases and air, at focused power 
densities up to 3 x 10 13 W/cm2• Fig 2.7 shows the laser irradiance (I) for breakdown 
threshold as a function of gas pressure p in the cell. The pressure dependence of helium 
was found to be I a p-1 , which is good agreement for the inverse bremsstrahlung 
absorption process creating gas breakdown. Irradiance dependence on the power of the 
pressure was slightly different for various gases like -1.27 for neon, -1.36 for argon, 
-1.25 for krypton and -1.17 for air. This shows that even though the photon absorption 
process for these gases may be by inverse bremsstrahlung, electron diffusion out of small 
focal volume may also be significant. 
The results obtained by Turcu et al. confirmed the high breakdown threshold 
reported previously (I � 10 1 1  W/cm2) in the intensity range of overlap. To avoid the 
breakdown at an irradiance of I ;::::  10 13 W/cm2 the pressure in the X-ray source chamber 
was maintained at � 530 mbar. It is further investigated by measuring at this intensity the 
laser energy transmitted through the breakdown region at a helium pressure of 1 
atmosphere. It was seen that 86% of the laser energy was transmitted through the focal 
region. This small absorption and apparent distortion of the KrF laser beam was due to 
the low electron density of - 10 19 electrons/cm3 produced in helium at atmospheric 
23 
Fig 2.7 Breakdown threshold in gases for KrF excimer laser at 0 .248 µm wavelength 
· from Turcu et al. [ 1 7] 
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pressure, which is three orders of magnitude smaller than the critical density for 
absorption of KrF radiation at 0.248 µm (- 1022 electrons/cm\ 
Turcu et al. concluded that the results from the investigation showed a good 
agreement with the inverse bremsstrahlung absorption model. The breakdown thresholds 
are high which, confirmed the trend established by previous measurements at low 
irradiances. 
Phuoc [18] measured the breakdown threshold laser intensities of air, 02, N2, H2 
and CH4 using a Q-switched Nd:YAG laser operating at 0.53 µm and 1.064 µm with a 
pulse of 5 .5 ns. The breakdown threshold energies were measured for the pressure range 
of 150 to about 3040 Torr. 
Fig 2.8 shows the breakdown threshold laser energies and laser intensities at 150 
Torr and 3040 Torr and the values are shown in Table 2.3 for easy reference. It can be 
seen that laser intensity range from 10 12 to 10 14 W /cm2 is sufficient to create a breakdown 
spark in the gases at pressures ranging from 150 Torr to about 3000 Torr. The 
breakdown thresholds for methane were found to be consistently lower than those for 
other gases. This can be attributed to the low ionization potential of methane (12.51 eV), 
which is lower than that of nitrogen (15.58 eV) and hydrogen (15.425 eV). Although 
oxygen has an ionization potential of 12.07 e V, which is the lowest ionization potential 
compared to the other gases investigated, the thresholds of oxygen were found to be in 
the range similar to those of nitrogen and hydrogen and was a factor higher than the 
thresholds of methane. 
The data shows dependence of the threshold irradiance on pressure as Ithr a p-n, 
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Fig 2.8 (a) Breakdown thresholds in air (b) Breakdown thresholds in CRi (c) Breakdown 
thresholds in H2 ( d) Breakdown thresholds in N2 ( e) Breakdown thresholds in 02 from 
Phuoc [1 8] .  
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Table 2.3 Breakdown threshold laser energy, Eoir (mJ), and laser intensity lthr (W/cm2), in 
gases from Phuoc [ 18] 
Breakdown threshold laser energy, �, {mJ). and laser intensity, lt\t (W/cm2), in gases (15 mm focal len.gtll) 
Ou Pressuie i:., (mJ) i., (W/c,r) -------------
532 nm 1064 nm 532 nm l064 mn 
Air t.S6 20.14 32.31 1 .08 X JOU 
4.35 :X 
1012  
3040 3.06 10.53 l .6S X 10 12 L40 X 10'2 
CH" 1 50 14.97 25.09 8.05 X 1012 3.37 X 1
01 2 
3040 2.67 7.83 l .44 X 10 12 LOS X 101 ? 
Hz I SO 42.00 60.00 2.26 X 10 13 8.07 X 101 2  
3040 3.76 8.29 2.03 X t0u 1 . 1 2  X )Oll 
N 150 26.37 38. 13  1 .42 X IOU 5.1 3 X 1012 2 
3040 3.34 10.74 1 .80 X 1012  1 .45 X 101? 
02 150 1 8.88 51.60 l.02 X 1013 6.94 X 10 1l 
3040 3.45 1 0.50 1 .85 X 1012  l .41 X 10 12 
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breakdown. The degree by which the thresholds depend on the pressure was found to be 
strong at shorter wavelength than at the longer wavelength. At A =  0.53 µm, the pressure 
dependence of threshold in hydrogen was strongest among the gases investigated with n 
= 0.78. Breakdown thresholds in other gases showed a weaker dependence with n = 0.67 
for nitrogen, n = 0.65 for air, and n � 0.55 for both methane and oxygen. At A = 1 .064 
µm, the threshold in hydrogen still showed a strong pressure dependence with n = -0.69, 
while the pressure dependence of threshold in other gases became much weaker with n � 
-0.4. This difference in the degree by which the threshold depend on the pressure might 
be due to the effect of the diffusion loss out of the focal volume which is more significant 
at A =  0.53 µm than at A =  1 .064 µm. 
The present data shows that the breakdown threshold laser intensity at 0.53 µm 
was higher than that at 1 .064 µm. The effect of wavelength reported here was more 
profound at low pressure and it became less significant as the pressure increased. This 
indicates that multi-photon ionization process may play a more important role at 0.53 µm 
wavelength and low pressure than at 1 .064 µm wavelength and high pressure. 
Phuoc concluded that data shows p-n pressure dependence, which is in good 
agreement with the electron cascade process for creating gas breakdown. For 1 .064 µm 
laser beam, except for hydrogen, the pressure dependence was found to be similar for all 
gases with n � 0.4. For 0.53 µm, the pressure dependence was much stronger showing 
the important effect of the diffusion loss. 
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2.2 MINIMUM IGNITION ENERGIES OF DIFFERENT GASES 
Lewis and von Elbe [ 19] were among the first to determine the minimum ignition 
energy required to produce flame propagation. Many researchers have been comparing 
their results with the results reported by Lewis and von Elbe. They determined the 
minimum ignition energy of mixtures of methane, oxygen and nitrogen for pressures of 
0.25, 0.33, 0.5 and 1 atm at room temperature using capacitance discharge electrical 
sparks. In some cases nitrogen was replaced by helium, argon or carbon dioxide. 
Lewis and von Elbe measured the capacitances and gap voltage of condensed 
electric spark circuits to produce sparks, which were just powerful enough to ignite 
various explosive mixtures. These data of the capacitances and gap voltages were used to 
calculate the minimum ignition energies of the mixtures. They also varied various 
parameters such as inductance, electrode voltage and electrode distance to determine their 
effect on the minimum ignition energies. 
Lewis and von Elbe carried a number of tests by replacing the circuit link with a 
helix of heavy wire to in order to vary the inductance and oscillatory frequency as shown 
in Fig 2.9. The results failed to show any change in the values in minimum ignition 
energies for the changes in the inductance and oscillating frequency. To determine the 
effect of voltage the breakdown voltage between the electrodes was increased 
considerably by applying much higher voltage. This was possible by either taking 
advantage of the breakdown time lag or by charging the condensers and connecting them 
with the electrode circuit by a fast-acting switch in place of a removable circuit link. As 
seen from the results in Table 2.4, the minimum ignition energy was found to be 
29 







Figure 2.9 Schematic of the setup in which the circuit link was replaced with a helix of 
heavy wire employed by Lewis and von Elbe [ 1 9] 
30 
Table 2.4 Results showing the minimum spark ignition energy to be independent 
of gap voltage from Lewis and von Elbe [ 19] 







































* The distance between the electrodes was held constant for each 
pair or runs 
** Approximately 83 percent CH4, and 17 percent CiHe 
3 1  
essentially independent of over voltage. This observation implies that as the gap voltage 
was increased the capacitance had to be decreased correspondingly. In general it 
appeared that in spark discharges the largest part of energy goes into production of atoms, 
free radicals, and thermal motion, while only a small fraction goes into production of 
ions. 
Lewis and von Elbe determined the effect of electrode distance on the minimum 
ignition energy by comparing two systems, one with free electrode tips and other with 
glass-flanged tips. The results in Fig 2. 10  show that above the critical distance of 0.08 
inch the data obtained from the two systems coincides. Below this distance the minimum 
ignition energy increases abruptly with glass-flanged electrodes and gradually with point 
electrodes. 
Above the critical distance the minimum ignition energy remains constant over a 
considerable range of the electrode distance as long as the pressure of the gas is not too 
low. These results are shown in Fig 2 . 1 1 for a stoichiometric mixture of methane and air 
at various pressures. It appears that if the quenching effect of the electrodes could be 
removed then the data for low pressures would also fall on a horizontal line. For many 
years these data were used as the baseline for the minimum ignition energy required to 
produce flame propagation. However these data did not agree with the computational 
predictions. 
Frendi and Sibulkin [20] used two mathematical models for predicting the 
minimum ignition energy of a stoichiometric methane-air mixture at pressure of 1 atm 
and temperature of 298 K. The only difference between the two mathematical models 
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Figure 2.10 Minimum ignition energies for free and glass-flanged electrode tips as 
function of electrode distance. Stoichiometric mixture of natural gas and air at one atm 
from Lewis and von Elbe [ 1 9] 
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Figure 2.1 1  Minimum ignition energies for glass-flanged electrode tips as functions of 
electrode distance and pressure. Stiochiometric mixture of methane and air from Lewis 
and von Elbe [ 1 9] 
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assumed to be uniform. In their models they studied the effect of initial pressure wave 
generated by spark on the minimum ignition energy by comparing the results of both 
models. They also investigated the dependence of minimum ignition energy on the spark 
kernel radius (rig) and ignition time. 
Fig 2.12 shows the comparison of the results from the constant pressure 
assumption with the variable pressure model. The kernel radius was fixed to 0.167 mm. 
The models predicted same minimum ignition energies for a long ignition times ( 'tig > 
2µs). However for short ignition times (rig < 2µs), the variable pressure model predicted 
higher minimum ignition energies. At short ignition times the minimum ignition energy 
remained constant. 
The effect of changing the kernel radius on minimum ignition energy for different 
ignition times is shown in Fig 2.13. The minimum ignition energy for a kernel radius 
larger than 0.3 mm increases in proportion to the volume (r3ig) of the ignition kernel. For 
ignition kernel radius below rig = 0.1 mm, the minimum ignition energy reaches a 
constant value for ignition times of 'tig = 2. 75 µs and 27.5 µs. For 'tig = 100 µs and 500 µs 
the curve approaches an asymptotic behavior. 
Fig 2.14 shows the variation of the ignition energy density (E''ig) with spark 
kernel radius for different ignition times. For rig > 0.2 mm, the ignition energy density is 
a constant for values of 'tig � 100 µs, and tends to be constant for larger ignition times. 
The ignition energy density increases rapidly at all ignition times for kernel radii smaller 
than 0.2 mm. 
Fig 2.15 shows the variation of minimum ignition energy with ignition time 
fordiff erent kernel radii. The regions where both the models predict the same values 
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Figure 2.12 Comparison of minimum ignition energies obtained by the variable pressure 
· and constant pressure models. Stoichiometric methane-air mixture, spherical geometry 
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Figure 2.13 Variation of minimum ignition energy with kernel radius for different 
ignition times. Stoichiometric methane-air mixture, spherical geometry from Frendi and 
Sibulkin [20] 
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Figure 2.14 Variation of minimum ignition energy density with kernel radius for 
different ignition times. Stoichiometric methane-air mixture, spherical geometry from 
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Figure 2.15 Variation of minimum ignition energy with ignition time for different kernel 
radii. Stoichiometric methane-air mixture, spherical geometry from Frendi and Sibulkin 
[20] 
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( 'tig > 2 µs) and different values ( 'tig < 2 µs) are separated by a dotted vertical line. For 2 
µs < 'tig < 100 µs the minimum ignition energy is nearly constant, but for 'tig > 100 µs it 
increases in proportion with ignition time {Eig a 'tig), 
The variation of the ignition energy density with ignition time for different kernel 
radii is shown in Fig 2.16. The general trend of the curve in this figure is similar to that 
of the minimum ignition energy; the only difference being the ignition energy density is 
higher for smaller kernel radii. 
Frendi and Sibulkin concluded that minimum ignition energy is strongly 
dependent on the kernel radius and ignition time, and minimum ignition energy of 0.005 
mJ is found for an ignition kernel radius of 0.0635 mm and an ignition time of 2 7.5 µs. 
This value is about 70 times smaller than the values reported from capacitance discharge 
experiments. The values were close to the ones obtained experimentally when the kernel 
radius of 0.5 mm is used. 
Sloane and Ronney [21] used a computational model to determine the minimum 
ignition energies for stoichiometric methane-air mixtures. A detailed chemical model 
which included thermodynamic, transport and chemical models, which were used to 
reproduce the burning velocities and heat release rates of steady planer flames, to 
properly simulate the dynamics of flame ignition. In addition to the detailed chemical 
model, calculations were also made using simplified models based on two different one­
step kinetic expressions. Fig 2. 17 shows the results of the heat release profiles and 
temperature profiles in a planar flame for two one-step models and the detailed model. 
Fig 2. 18 shows the minimum ignition energy as a function of radius of energy 
deposition region (ro) for the detailed kinetics model. As r0 decreases to about 0.03 cm 
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Figure 2.16 Variation of minimum ignition energy density with ignition time for 
different kernel radii .  Stoichiometric methane-air mixture, spherical geometry from 
Frendi and Sibulkin [20] 
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Figure 2.17 Spatial dependence of the chemical heat release rate in a planar 
stoichiometric methane-air flame for the detailed model, the one-step third-order model, 
and the one-step first-order model from Sloane and Ronney [21] 
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Figure 2.18 Minimum ignition energy as a function of the radius of the ignition energy 
deposition region for an energy deposition time of 27 .5 µs determined using the detailed 
model. Results are shown with open and filled circles; the open circles indicate energies 
where ignition occurred, and the filled circles indicate energies where ignition did not 
occur. The solid line is a result of Frendi and Sibulkin ( 1 990) for the same energy 
deposition time from Sloane and Ronney [2 1 ]  
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the minimum ignition energy decreases to about 0.1 mJ. The spark gap used in the 
experimental study is 0.2 cm, which is about 7 times the critical radius obtained in this 
computation. This longer length of energy deposition region in the experiments could be 
accounted for the much difference in the minimum ignition energy predicted by the 
model and measured by the experiments. Thus it seemed despite of the steps were taken 
in the experiments to minimize the effects of heat losses, their effects and the inefficiency 
of energy transfer from electrical circuit to gas could be the reasons for the differences 
between model and experimental results. 
Sloane and Ronney computed minimum ignition energies usmg third-order 
kinetic model that was employed by Frendi and Sibulkin [20]. Fig. 2.19 shows the 
comparison of the results of Sloane and Ronney with those of Frendi and Sibulkin. It can 
be seen that Sloane and Ronney's results are 50% higher than those of Frendi and 
Sibulkin for small ro and are practically the same at large r0, which suggests that the 
numerical schemes used are reasonably accurate. 
The effects of ro on the minimum ignition energy were determined with first-order 
model and third-order models and are shown in Fig 2.20. At small r0, the minimum 
ignition energies from first-order models are 30% higher than the results obtained from 
the third-order model. At large ro the predictions remain the same for both the models. 
Sloane and Ronney showed that the one step kinetic expression gives approximately the 
correct heat release profile in the reaction zone of the developed flame front where the 
fuel and oxygen concentrations are low relative to their initial values. But during the 
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Figure 2.19 Minimum ignition energy as a function of the radius of the ignition energy 
deposition region for an energy deposition time of 27 .5 µs determined using the third­
order model. Symbols have the same meanings as in Fig 2.18. The diamond indicates 
the minimum ignition energy obtained with a 25% higher value of the one-step kinetics. 
The solid line shows the result of Frendi and Sibulkin (1990) from Sloane and Ronney 
[21] 
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Figure 2.20 Minimum ignition energy as a function of the radius of the ignition energy 
deposition region for an energy deposition time of 27 .5 µs determined using the first­
order model. From Sloane and Ronney [2 1 ]  
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increase due to the ignition energy input is sufficient to cause significant heat release 
early in the calculation. This allows a successful ignition to occur at much lower ignition 
energy in the one-step model than in the detailed model. 
Fig 2.2 1  and 2.22 illustrate this and show how minimum ignition energy can be so 
low for one-step kinetic model. Fig 2.2 1 shows temperature profiles as a function of time 
for one-step third order and detailed models for r0 = 0.0 1 7  cm and ignition energy input, 
which is slightly greater than minimum ignition energy for the former model. Fig 2.22 
shows the corresponding energy profiles at 20 µs in the detailed model. It shows that the 
chemical reactions are slightly endothermic overall because of initiation reactions, which 
dominate under these conditions. No such effect occurs in the one-step model as only 
exothermic reaction occurs and its own rate limitation delays this reaction and there is no 
time for radicals to be created. Consequently, in one-step model at 27.5 µs the energy 
input plus exothermic reaction drives the temperature to almost 3500 K, whereas in the 
detailed model the temperature is only about 2000 K. Thus quantitatively, the one-step 
kinetic model provides a good picture of variation of the minimum ignition energy with 
the size of the deposition region. However, even though the models are reasonably 
adequate in describing the flame speed for planer flame propagation, they are inadequate 
to quantitatively predict the minimum ignition energy. 
Sloane and Ronney concluded that a chemical model capable of predicting 
minimum ignition energies must be able to model homogeneous initiation, early flame 
development, and the transition to a fully developed propagation flame. A satisfactory 
one-step expression that will accurately model all these stages in the ignition process over 
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Figure 2.21 Temperatures as a function of time in the developing ignition kernel for the 
third-order model and for the detailed model. In both cases 0.02 14 mJ of ignition energy 
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Figure 2.22 Chemical energy release rate as a function of time in the developing kernel 
for the same conditions as in Fig 2.2 1  from Sloane and Ronney [2 1 ]  
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simplified mechanism for ignition should be able to reproduce not only the steady planer 
burning velocity but also the homogeneous induction time at temperatures close to and 
above the adiabatic flame temperature. 
Many investigations were done to determine different working conditions and 
properties of laser initiated ignition such as determination of ignition-delay times in laser 
initiated ignition [22, 23], investigation of laser-initiated detonation waves for supersonic 
combustion [24], laser-induced plasmas and applications [25], time-resolved imaging of 
flame kernels during a laser spark ignition [26], and laser spark ignition and extinction of 
a methane-air diffusion flame [27]. But these investigations did not include any studies 
on minimum ignition energies or breakdown threshold energies hence the description of 
their research has been limited up to this point only. 
Kindon and Weinberg [28] were the first to use a laser beam to determine the 
minimum ignition energy of methane-air mixtures and to investigate up to what extent it 
depends on the species carrying the plasma energy. Kingdon and Weinberg used fine 
fibers or wires for igniting the mixtures. These fibers or wires were used as a target 
placed at the focal spot and they absorbed the laser energy and delivered it to the mixture. 
Kingdon and Weinberg used a ruby laser with a dye cell Q-switch with a 40 ns 
pulse and a maximum power of 301 in the experiment. By using vanadyl phthalocyanine 
dye in nitrobenzene at twice the normal concentration and the laser being operated well 
above the threshold they improved the pulse reproducibility factor by 10. A photodiode 
was used to monitor pulses. A polaroid sheet was mounted in such a way that it could be 
rotated so that the beam energy could be attenuated in a controlled manner. 
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As Kingdon and Weinberg had to approach the ideal instantaneous point ignition 
as closely as possible the laser was passively Q-switched and the target size was 
decreased. This gave pulse duration of approximately 20 ns half-width at maximum and 
an initial target diameter of approximately 12 µm. 
Fig 2.23 shows the minimum ignition energies for the mixtures containing 
between 6 and 8 .6% Cf!t in air. It is seen that the plot (curve 5) does not differ greatly 
from those obtained in spark ignition experiments (curves 2, 3, 4). Curve 3 obtained 
from the circuit inductance experiments, which yields lowest ignition energy, was drawn 
so that it would be confirmed that no ignition occurs below it. Curves 2 and 4 represent 
1 % and 80% ignition probability. In spite of given conditions of large quenching 
distances, reduced pressure or ignition close to flammability limits, there is no evidence 
that laser ignition energies are appreciably smaller in consequence of the absence of 
losses due to massive electrodes. 
In the next step the amount of material in the plasma and the target material was 
varied. The former was achieved simply by placing several fibers side by side in the 
focal spot and the latter was done by using different wire and quartz fibers and by coating 
with sodium chloride. In order to vary the quenching distance, which might affect the 
result, these measurements were carried out for very lean (6%) and near stoichiometric 
(8. 6%) methane/air mixtures. The two ignition energies were close to 1. 5 and 0.5 mJ in 
the two cases. No matter what variable was imposed, the minimum ignition energy in 
this particular system proved to be totally independent of plasma constitution both as 
regards different substances and different amounts of the same substance within the 
plasma. For 20 ns half widths initiation by focused laser beam an independent 
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Figure 2.23 Comparison with spark ignition energies from Kingdon and Weinberg [28] 
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verification of the theory of point ignition is observed: the criterion is propagation-limited 
and the decisive stage is reached when the flame kernel grows to a critical radius. The 
propagation reaction wave attains the quenching distance before any of the plasma 
material reaches it. 
To establish how the above conclusion would be affected by changes in the 
plasma dimensions, targets were placed in a slightly defocused area of the beam varying 
the extent of the plasma. Fig 2.24 shows results for two compositions. Although the 
dimensions of both sets of the results are well within the respective quenching distances 
(approximately 2 and 4 mm), it is much more appreciable fraction of it in the case of 
8.6% mixture - for which a quite measurable increase is observed. But still every one of 
the results is once again independent of the target material or amount of it in the plasma. 
Kingdon and Weinberg concluded that the minimum ignition energies are not 
affected plasma constitution and appear to be independent of plasma volume. The initial 
laser pulse is responsible for the expanding ignition front. The behavior of this front is 
independent of the constitution of the plasma, which is left behind. As long as the cloud 
is dense it absorbs energy for the duration of the incoming beam, which enables it to 
expand rapidly, eventually becoming turbulent and breaking through the front. This can 
result in suppression or promotion of propagation, depending on the constitution of 
plasma. Hence the leading edge of an extended pulse is responsible for ignition. The 
above conclusion completely vindicates the propagation-limited theory of point ignition 
and validates previous experimental spark-based measurements, showing them to be 
independent of plasma constitution and hence electrode materials as long as the discharge 
duration is short. 
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Figure 2.24 Effect of extent of plasma. (i) 6% CHi, quenching distance 4 mm. (ii) 8 .6% 
C�, quenching distance 2 mm from Kingdon and Weinberg [28] 
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Lim et al. [29] used laser ignition sources to determine minimum ignition energies 
of methane-air mixtures. The motivation that led to their investigation was that the data 
on minimum spark ignition energies of gases obtained experimentally and used 
extensively still did not agree with most detailed computational models available. The 
emphasis in this investigation was to have a better characterization of the ignition source 
and its effect on the minimum ignition energy. 
A Q-switched nanosecond and a pulse mode-locked picosecond laser were used 
as an ignition source. The CRt-air mixtures at a pressure of 1 atm and of varying 
stoichiometry were ignited and the minimum ignition energy was measured through 
repeated trials at varying laser spark energies. The laser spark kernel sizes were also 
measured by imaging the visible emission of these sparks. This was done to verify that 
the difference in minimum ignition energies obtained by picosecond and nanosecond 
sparks were due to the dependence of ignition energies on spark kernel size. 
Fig 2.25 shows the minimum ignitions energies for methane-air mixtures for 
different stoichiometry at a pressure of 1 atm using nanosecond and picosecond laser­
induced sparks. The results obtained by Lim et al. are also compared to those obtained 
by electric and laser discharge measurements and calculations. As seen in the figure the 
minimum ignition energy curve for picosecond pulses lies at a higher energy than that of 
the nanosecond pulses. This difference however decreases towards the lean and rich 
flammability limits of the mixture. In addition the laser ignition results lie at higher 
energies than the electric discharge results. However, the difference decreases towards 
the flammability limits. The results from the experiment are bracketed by two model 
calculations; a simple gas model based on homogeneous heating of a minimum flame 
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Figure 2.25 Measured and calculated minimum ignition energies of CH4-air mixtures at 
1 atm. For comparison, also shown are results from electric spark ignition experiments 
by Lewis and von Elbe [19] and Ronney [ l ], laser spark ignition experiments by Kingdon 
and Weinberg [28], a numerical computation by Sloane and Ronney [21] from Lim et al 
[29]. 
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volume whose energy depends on the quenching distance for a mixture and a temperature 
specified through a chemical induction time as the upper limits and the detailed 
computation by Sloane and Ronney [21] as the lower limits. 
Fig 2.26 displays contours plots of sample images for picosecond and nanosecond 
pulse laser-induced sparks of 5 mJ nominal energy. It is observed that the picosecond 
pulse sparks are nearly spherical while the nanosecond sparks are elongated along the 
direction of the laser beam. While capturing the images of the sparks it was observed 
that sparks generated from nanosecond laser pulses were much brighter than those 
generated by picosecond pulses for the same spark energy. 
Fig 2.27 summarizes results for both laser sources and for range of spark energies 
in terms of the half width at half maximum (HWHM) of the sparks parallel and 
perpendicular to laser beam. It was observed that the width of sparks transverse to the 
laser was independent of the pulse energy for both laser sources. For picosecond sparks 
there is a slightly smaller traverse width (HWHM = 0.018 cm) compared to the 
nanosecond sparks (HWHM = 0.022 cm). The measurements showed the critical radius 
of deposition (r*) for picosecond sparks was larger than the spark kernel size (r) which 
means according to the prediction by Sloane and Ronney [21] the minimum ignition 
energy should be independent of r, and for nanosecond sparks r was only slightly larger 
than r •. Hence it is expected that the minimum ignition energy to be close to 0.1 mJ. 
However, the minimum ignition energy measurements do not support this conclusion. 
For the picosecond laser the minimum ignition energy is about 25 times larger than the 
value predicted and for nanosecond laser the value is about 10 times larger. 
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Figure 2.26 Contour plots with equal increments in intensity level of the spark emission 
intensity profile for nanosecond and picosecond laser breakdown. Spark energy is 5 mJ 
in both cases. For ps sparks the intensity scale has been multiplied by 100 from Lim et al 
[29] 
58 
0 . 0 6  0 . 0 6 
p s  n s  • 
o . o s  • • 0 . 0 5  - . , . • f 0 . 04 • parallel laser 0 . 0 4  • to 
:E X 0 . 0 3 0 . 0 3  
� �  X 0 � 0 2  
0 0 () oa 0 0 0 0 . 0 2  perpendicular to laser 
o . o ,  0 . 0 1  
0 0 
0 5 0 5 1 0 1 S 2 0 
Spark Energy (mJ) 
Fig 2.27 Compilation of spark width and length relative to the laser propagation direction 
as a function of spark energy for ns and ps laser sources from Lim et al [29] 
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Lim et al. concluded that the experiments showed the minimum ignition energy 
trends as expected and are quantitatively consistent with other measurements for very 
lean and rich methane-air mixtures. For near-stoichiometric mixtures the measured 
values are higher than expected. These results may be due to the size of the energy 
deposition region with some possible influence of gas dynamic shock losses. 
Phuoc and White [30] experimentally investigated laser-induced spark ignition 
using a nanosecond pulse at 1064 nm from a Q-switched Nd-Y AG laser. It was found 
that laser irradiance of the order of 10 12  to 10 13 W/cm2 was enough to ignite a mixture 
having 6.5 to 17% methane by volume. The dependence of breakdown threshold laser 
energy Ettie on the gas pressure was also studied. Numerous test were performed and 
showed that mixtures having less than 6.5% or more than 17% methane by volume were 
not ignitable even . with laser energy Eo up to 200 mJ. Also no mixtures could be ignited 
for Eo less than 3 5 mJ. An ignition was successful when the time-resolved pressure 
measurement, the time-resolved emission spectra of luminous OH radical were recorded, 
and the rapid water condensation was seen on the observation windows. 
Fig 2.28 shows a comparison of measured and calculated breakdown threshold 
laser energies, Ethr, versus pressure of air and methane. The breakdown threshold was 
defined as the laser energy at which the gas breaks down on more than 50% of the shots. 
It can be seen that when the pressure is lower than 17 Torr, gas breakdown was not 
possible for the range of laser energies used. When the gas pressure increased from 17 to 
1010 Torr, the threshold laser energy decreased drastically from 190 mJ to 15 mJ. Air 
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Figure 2.28 Dependence of the laser energy transmitted through the focal volume, 
Etr/Eo, and the absorption coefficients, Kv,air and Kv, CH.i on the initial laser energy Eo 
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Fig 2.29 Measured minimum ignition energies of methane/air mixture at 1 atm as a 
function of methane volume fraction from Phuoc and Whie [30]. 
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The minimum ignition energies of methane-air mixtures of different methane 
volume fractions were measured and are plotted in Fig 2.29. It is clear from the figure 
that the minimum ignition energies remained at their lowest values of about 3 to 4 mJ for 
mixtures having about 10% methane to 15% methane. There was a sharp increase in the 
value of minimum ignition energy to about 40 mJ for 6.5% methane and about 70 mJ for 
17% methane. The minimum ignition energies reported here for stoichiometric methane­
air mixture at 1 atm are similar to those reported by Lim et al. for a picosecond laser but 
are higher than those measured for nanosecond laser beam by a factor of 3. The present 
results are also about one order of magnitude higher than those reported by Lewis and 
von Elbe [19]. 
Such high minimum ignition energies can be due to several properties such as 
short pulse duration and small focal volume associated with the laser beam. Spark 
created by picosecond or nanosecond laser pulse has a different mechanism. This spark 
can ignite the mixture directly, or by force of a shock wave, or by the hot gas that remains 
after expansion. The rapid dissipation of energy and the small spark size increase the 
heat loss and limit the time the energy remains within the relevant dimension of flame 
kernel, and the spark kernel will decay rapidly to ambient condition without heating the 
surrounding gas to a temperature above ignition temperature. Hence one has to increase 
the energy source, which leads to higher minimum ignition energy. 
Phuoc and White concluded that there is strong pressure dependence for the 
threshold laser energy, which is incompatible with the multi-photon ionization process, 
which predicts weak pressure dependence. However, it agrees with the electron cascade 
theory. The results of minimum ignition energy show an increase of ignition energy 
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towards lean and rich side of stoichiometric. The minimum ignition is about one order 
magnitude higher than that measured in the electric spark study. This might be due to the 
different ignition mechanisms between laser spark and electric spark ignition. Their 
results show that laser-induced spark ignition successfully ignites mixtures with 17% of 
methane by volume, which is richer than the upper flammability limit, but it fails to ignite 
mixture below 6.5% methane, which is lower than lower flammability limit. Thus one 
can infer that laser-induced spark ignition works poorly at fuel-lean conditions and favors 
the fuel-rich conditions. 
Lee et al. [31] measured minimum ignition energies of fuel-air mixtures involving 
propane, dodecane, and jet-A fuel at a range of pressures and equivalence ratios. An Nd­
y AG laser operating at 0.53 µm with a pulse duration of ,..., 10 ns was used as an ignition 
source. The 8 mm diameter beam was focused down to a focal spot size of 0.2 mm. 
Fig 2.30 shows minimum ignition energy measurements for propane-air mixture 
at pressures of 1, 0.5 and 0.33 atm as obtained by Lee et al. For comparison the plot also 
shows the laser ignition measurements of Lim et al. [29] and data by Lewis and von Elbe 
[ 19]. The data is quite close to Lim et al. This was due the similarities in the laser and 
optical systems used in the respective studies. Phuoc and White [30] reported a much 
higher ignition energy using an Nd-YAG laser but with a 75-mm focal length lens, while 
Lee et al. used 100-mm focal length lens. Apparently focal spot size which controls the 
energy density in laser sparks has an effect on the measurement of the ignition energy. 
Ignition energy for a dodecane-air mixture is plotted as a function of equivalence 
ratio is shown in Fig 2 .31. The minimum ignition energy occurs at a relatively large 
equivalence ratio of about 3.6-3 .75. In comparison to propane, dodecane has higher 
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Figure 2.30 Minimum ignition energy of propane-air mixtures at various equivalence 
ratios and pressure from Lee et al. [31] 
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Fig 2.31 Minimum ignition energy for dodecane-air mixtures from Lee et al. [3 1] 
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minimum ignition energy of --1 mJ at 1.0 atm using laser sparks. This minimum ignition 
energy steadily increases with decreasing pressure, where the required laser spark energy 
is up to 3 mJ at a pressure of 0.5 atm. The minimum ignition energy occurs far in the 
fuel-rich side in contrast to electrode ignition where the minimum ignition energy occurs 
close to the stoichiometric fuel-air ratio. 
Lee et al. concluded that minimum ignition energies obtained by using laser 
sparks are consistently larger than corresponding data obtained using electrical sparks for 
propane-air mixtures at 1 atm and at lower pressures, perhaps due to the different 
electromagnetic and thermal conditions that exist within and near spark plasmas. The 
heavier hydrocarbons exhibit progressively larger optimum equivalence ratio 





EXPERIMENTAL APPARATUS AND PROCEDURE 
This chapter contains a detailed description of the experimental apparatus and 
procedure used in the determination of minimum ignition energy and breakdown 
threshold energies of methane and air. Section 3.1 gives the description of the 
experimental apparatus used in this investigation. Section 3 .2 describes the experimental 
procedure and the test conditions for the experiments. 
3 .1 EXPERIMENT AL APPARATUS 
In this investigation, usmg laser-induced breakdown, breakdown threshold 
energies of methane and air were determined for pressures ranging from 0.02 to 1.17 
MPa. In addition minimum ignition energies of methane-air mixtures were determined 
for pressure varying from 0.1 to 1.04 MPa and equivalence ratio varying from 0.6 to 1.2. 
The sparks for the breakdown and ignition were produced from a Q-switched Nd-Y AG 
laser having a 5.5 ns pulse at a wavelength of 1064 nm. Figure 3.1 and 3.2 show a 
schematic and a photograph of the equipment setup used in this experimental 
investigation, respectively. 
The laser beam from the Nd-YAG laser passed through a beam splitter, which 
reflected approximately 3% of the laser beam on to the energy meter P2, which measured 
the reflected laser energy from the beam splitter. The transmitted laser beam from the 








Figure 3. 1 Sketch of the Experimental Apparatus : (L) Nd-YAG Laser; (BS) 3% Beam 
Splitter; (Ll )  and (L2) 1 00mm Focal Length Plano-Convex Lenses; (CC) Combustion 
Chamber; (P l )  and (P2) Pyroelectric Energy Detectors; (PR) Pressure Relief Valve; (Rl )  
and (R2) Energy Readouts; (CP) Control Panel; (C 1)  and (C2) Gas Cylinders. 
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Figure 3.2 Photograph of the setup used in the experiment 
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L 1 ,  which focused the laser beam down to a spot at the center of the combustion chamber 
to create the spark for ignition. The beam was focused to an approximated size of 17  µm 
[ 1 8] .  The laser beam coming out of the combustion chamber passed through lens L2, 
which collimated the laser beam on to the energy meter P 1 .  The energy meter P 1 
measured the transmitted laser energy from the chamber. This arrangement allowed the 
energy meters to measure the transmitted beam through the chamber with and without the 
breakdown. 
A high-pressure combustion chamber as shown in Figure 3 .3 was used in the 
investigation for all experiments. This chamber consists of a main chamber body and a 
cap flange both machined from a 3 1 6  stainless steel. The chamber is a hexagonal body 
with 1 "  diameter windows drilled on each of its sides. The chamber is 12  cm tall with a 
6.5 cm inner diameter and a minimum wall thickness of 2.4 cm. The internal volume of 
the chamber is approximately 0.4 liters. The chamber is designed to withstand a pressure 
· of about 20 MPa. 
The hexagonal cap flange is secured to the main chamber using six 3/8- 1 6 Cr­
alloy bolts. An O-ring is used to seal the gap between the flange and the main chamber. 
To observe the ignition and breakdown process and flame propagation in the chamber a 
3 .75 cm diameter fused silica window was fitted into the flange as an observation 
window. It was secured to the flange with another smaller cylindrical flange with six 1 0-
32 Cr-alloy bolts. The fused silica window was sealed with the rubber gaskets to prevent 
gases from escaping from the top. 
The main chamber body was equipped with six 2.5 cm windows held in place by 
cylindrical stainless steel flanges. Each stainless steel flange was secured using six 1 0-32 
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Figure 3.3 Photograph of the combustion chamber used in the experiment 
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Cr-alloy bolts. All the six windows were made of 1 .25 cm thick fused silica. Two of 
these six windows were used for the beam entry and exit; one was used for installing a 
pressure transducer for measuring pressure inside the chamber during ignition; one was 
used for installing the fiber optic cable to trace the time curve for the combustion; one 
was used to install the relief valve and the remaining one was used as another observation 
window for observing the ignition and combustion process from the side. 
Fig 3 .4 and 3 .5 show the schematic and the photograph of the control panel that 
was used for introducing methane and air into the combustion chamber. The pressure 
gauge PF was used for controlling the quantity of methane. Toggle switch TF, control 
valve KF and needle valve NF were used to . introduce methane into the combustion 
chamber. To obtain a better resolution of the pressure inside the combustion chamber for 
methane the pressure gauge PF had a range of O to 1000 mbar absolute. The pressure 
gauge PF was used only till the pressure inside the combustion chamber was 0.35 . MPa. 
Above this pressure the pressure gauge with a range of -3 0 Hg to 1 5  psi gauge was used. 
Similarly pressure gauge PA, toggle switch TA, control valve VA and needle valve NA 
were used to introducing air into the combustion chamber. The pressure gauge PA had a 
range of -30 inches of Hg to 300 psi gauge. 
3 .2 DESCRIPTION OF EXPERIMENTAL CONDITIONS AND PROCEDURE 
This section gives the brief outline and description of the experimental conditions 
and the procedure followed for carrying out experiments during this investigation. The 
experiments for determining breakdown threshold energies of methane and air were 
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Figure 3.4 Sketch of the control panel used in during the experimentation: (CC) 
Combustion chamber; (PF) and (PA) Pressure gauges for methane and air; (NF) and 
(NA) Needle valves for methane and air; (KF) and (KA) Control valves for methane and 
air; (TF) and (TA) Toggle switch for methane and air. 
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Figure 3.5 Photograph of the control panel used in the experiment 
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performed for a pressure range of 0.02 to 1.17 MPa, and the experiments for determining 
minimum ignition energies of methane-air mixtures were carried out for a pressure range 
of 0.1 to 1.04 MPa. At a given pressure the equivalence ratio was varied by varying the 
partial pressures of methane and air in the mixture in the minimum ignition energy 
experiments. 
Prior to the experiment the combustion chamber was cleaned and dried 
thoroughly and then evacuated. For a given condition the partial pressures of both the 
gases were determined. For the range of the pressure investigated the partial pressure of 
methane was always below 0.1 MPa. Both the gases were introduced separately into the 
combustion chamber for a given condition. In the range of pressures investigated in the 
present investigation methane having a lower partial pressure was introduced first into the 
combustion chamber. To ensure proper mixing the mixture was allowed to mix for about 
15-20 minutes prior to the experiment. A pressure relief valve was installed at the bottom 
of the combustion chamber and was set to activate when the pressure in the combustion 
chamber reached above 2 MPa. 
After each test the burnt gases were exhausted out of the combustion chamber. 
As the ignition gases being hydrocarbons the products of combustion consisted of water. 
This water condensed and deposited on the glass windows and the walls of the 
combustion chamber. It was very important to clean off the water condensate from the 
fused silica windows; otherwise it would have lead to absorption of laser power. This 
would have lead to erroneous results in the values of minimum ignition energies. 
Consequently, after each experiment the flange of the combustion chamber was opened 
the chamber was thoroughly cleaned and dried. 
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The methane and air were introduced into the combustion chamber to form a 
mixture from the pressurized cylinders using the piping system shown in the sketch in Fig 
3. 6. Before introducing the gases into the combustion chamber, the system was 
evacuated using a vacuum pump. After each experiment the combustion chamber was 
depressurized by venting the burnt gases to the atmosphere. The proper concentration of 
gases for a given equivalence ratio was achieved by controlling the partial pressure of 
each gas. A low pressure gauge capable of measuring vacuum pressures was used to 
control the evacuation of the system. This gauge was also used for the pressurizing the 
chamber with methane up to a mixture pressure of 0. 34 MPa. For experiments with 
higher mixture pressures, a pressure gauge with a larger range had to be used. The least 
count of the low pressure gauge was 20 mbar while the high pressure gauge has a least 
count of 2 psi (2 inches Hg in vacuum). The combination allowed the concentration of 
methane to be specified as X¾ ± Y¾ at a mixture pressure of 0. 34 MPa, where X is the 
theoretical concentration of methane and Y is the error. As the pressure increases, the 
error in methane concentration decreases to a value of A% at 1.04 MPa. For experiments 
with mixture pressures of 0. 1 MPa, the vacuum gauge with least count of 20 mbar was 
used to reduce the error in methane concentration to an acceptable level. 
Before each experiment the laser was turned on for warming and was kept 
running for about 1 minute. Once the combustion chamber was charged and the gases 
were allowed to mix for 15-20 minutes, the laser beam was fired at a low energy. If the 
laser beam did not ignite the mixture, the laser energy was increased using a laser 
attenuator. The laser energy was increased till one could see ignition inside the 
combustion chamber. The ignition was said to occur when a flame propagating through 
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Figure 3.6 Schematic of piping system used in the experiment 
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the combustion chamber and water condensation on windows could be observed through 
the observation windows. Once the ignition had occurred the combustion chamber was 
evacuated, cleaned and recharged as described earlier. Using a laser attenuator the laser 
energy was reduced by a small fraction to ensure that the correct minimum ignition 
energy was delivered. If ignition was observed at this energy in the first shot the laser 
energy was still reduced by a small fraction and the experiment was repeated. This was 
carried out till only 50% of the laser shots resulted in ignition. This is because the 
minimum ignition energy of a methane-air mixture is defined as the laser energy 
absorbed at which 50% of laser shots would result in ignition. 
Similarly for determining the breakdown threshold the combustion chamber was 
filled with the methane or air at a desired pressure and the laser beam was focused to the 
center of the combustion chamber. The breakdown was said to occur when a spark was 
seen inside the combustion chamber or a cracking sound of the gas breakdown was heard. 
If there was no breakdown observed the laser energy was increased and the process was 
repeated till the breakdown occurred. As done in determining the minimum ignition 
energy the laser energy was slightly reduced and the laser beam was fired again to see if 
breakdown occurred at a slightly lower energy. If the breakdown occurred the process 
was repeated reducing slightly the laser energy. This was carried out till only 50% of 
laser shots resulted in breakdown. 
At least 8 experiments were performed at a given condition in determining 
minimum ignition energy or breakdown threshold energy. The average of these results 
was taken and an error range was calculated. In some experiments the laser power would 
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vary considerably or mixture would not mix properly which would result in no ignition 
even at the highest possible energy delivered by the laser. These data were eliminated 
during the analysis. 
For determining the absorbed energy during the breakdown threshold and the 
minimum ignition energy experiments a calibration curve was plotted as shown in Fig 
3. 7. The calibration curve was plotted using the reflected energy measured by energy 
meter P2 on X-axis and the transmitted energy measured by energy meter P l  on Y-axis. 
As both the experiments involved absorption of energy, using the calibration curve it was 
possible to calculate the absorbed energy. 
From the calibration curve at a given value of the reflected energy the actual 
energy that was delivered during the experiments could be known. The readings of 
reflected energy from P2 and transmitted energy from P 1 measured during the breakdown 
threshold energy and minimum ignition energy experiments were superimposed on to the 
calibration curve. For a given reflected energy measured from the experiments an energy 
difference between the transmitted energies was calculated. This energy difference is the 
energy absorbed during the breakdown threshold energy and the minimum ignition 
energy experiments. This absorbed energy is the breakdown threshold energy for the 
breakdown threshold energy experiments or minimum ignition energy in the minimum 
ignition experiments. The calibration curve has an uncertainty of approximately ± 0.2 
mJ. 
The determination of the absorbed energy at a given pressure and equivalence 
ratio for minimum ignition energy experiments or at a given pressure for breakdown 
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Figure 3. 7 Calibration curve plotted for determining absorbed laser energy 
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Let the reflected energy from the experiment be denoted by Re and the 
transmitted energy from the experiment be Te. At a given reflected energy the actual 
transmitted energy can be determined using the calibration curve. So let at Re the actual 
transmitted energy without absorption from the calibration curve be Tc. Then the 
absorbed energy Ae for that experiment would be the difference between Tc and Te. The 




RESULTS AND DISCUSSION 
This chapter consists of a presentation and discussion of the results obtained from 
the present experimental study in which the effect of pressure on the breakdown 
threshold energies of methane and air and the effect of pressure and equivalence ratio on 
the minimum ignition energies of methane-air mixtures are investigated. The effect of 
pressure on breakdown threshold energies of methane and air is presented in Section 4.1. 
Section 4.2 describes the effect of equivalence ratio on the minimum ignition energies of 
methane-air mixture and its comparison with the results of the previous investigators. 
Section 4.3 discusses the effect of pressure on the minimum ignition energies of methane­
air mixtures. Finally, the general observations from this investigation are presented in 
Section 4.4. 
4.1 EFFECT OF PRESSURE ON BREAKDOWN THRESHOLD ENERGIES OF 
METHANE AND AIR 
This section describes the results obtained from the current study on the effects of 
pressure on breakdown threshold energies of methane and air. Similar to the definition of 
minimum ignition energy, if 50% of the laser shots result in a breakdown of methane or 
air at a given pressure then the laser energy absorbed by the gas at that laser power is 
defined as the breakdown threshold energy of that gas at that · pressure. For the 
breakdown threshold energy experiments the combustion chamber was charged with air 
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or methane alone at the desired pressure. For achieving the gas breakdown the laser shots 
were fired at increasing laser power each time the breakdown did not occur. When the 
breakdown occurred a spark was formed or a cracking sound was heard from the 
chamber. The energy readings on the energy meters were noted before and after the 
breakdown. These readings were used to determine the breakdown threshold energy of 
the gas. A calibration curve, which gave the actual laser energy deposited, was used to 
determine breakdown threshold energy. 
Figs. 4. 1 and 4.2 show the effect of pressure on the breakdown threshold energies 
of air and methane, respectively. The breakdown threshold energies and laser intensities 
for air and methane at different pressures are tabulated in Table 4. 1 .  The results show 
that the breakdown threshold laser energy decreased rapidly as the pressure increased. 
For pressure increasing from 0.02 MPa to 1 . 1 7  MPa the breakdown threshold laser 
intensity for air decreased from 3 .88 x 10 12 to 3 .64 x 1 01 1  W/cm2 and for methane the 
breakdown threshold laser intensity decreased from 3 . 1 2 x 1012 to 2 .54 x 1 0 1 1  W/cm2 
The breakdown threshold energies for air were found to be consistently higher than 
methane by about 2 to 3 mJ at a given pressure. 
The present data show that breakdown threshold energy depends on pressure and 
can be expressed as Ithr a. p·", which is in agreement with the inverse bremsstrahlung 
absorption process for creating breakdown. The threshold dependence on pressure was 
found to be more for air than methane. The value of n was found to be 0.44 for air while 
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Fig 4.2 Effect of pressure on breakdown threshold energies of methane 
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Table 4.1 Breakdown threshold energies and laser irradiances for air and 
methane at various investigated pressures 
Pressure For Air For Methane 
P, MPa Etru-, mJ Ithr, W/cm2 Etru-, mJ Ithr, W/cm2 
0.02 28.84 3 .86 X 1 0
12 23 .23 3 . 12 X 1 0
12 
0.069 23 .44 3 . 14 X 10
12 1 9.79 2.66 X 1 0 12 
0. 1 38  1 9.83 2.65 X 1 0 12 1 6.4 2.20 X 10 12 
0.207 1 6.05 2. 1 5  X 1 0 12 14.55 1 .95 X 1 0 12 
0.276 14.25 1 .9 1  X 1 0 12 12.26 1 .65 X 1 0 12 
0.345 12.64 1 .69 X 1 0 12 9.7 1 1 .30 X 1 0
12 
0.4 1 1 .05 1 . 1 8 X 10 12 8.72 1 . 1 7  X 1 0 12 
0.4 14 1 0.82 1 .45 X 10
12 8.09 1 .09 X 1 0 12 
0.483 9.98 1 .34 X 10
12 7.44 9.99 X 1 0 1 1  
0.552 8.91 1 . 19  X 10 12 6.4 8.59 X 1 0 1 1  
0.62 1 7.82 1 .05 X 10 12 6 8.05 X l O I J  
0.689 6.83 9. 14 X 10
1 1  5.33 7. 1 5 x 1 0 1 1  
0.758 6 . 12  8. 19  X 10 1 1  4.62 6.20 X 1 0 1 1  
0.827 5.55 7.43 X 10
1 1  4.08 5 .48 X 1 0
1 1  
0.896 5.02 6.72 X 10 1 1  3 .5 1  4.7 1  X 1 0
1 1  
0.965 4 . 1 1 5 .5 X 1 0
1 1  3 . 1 8  4.27 X 1 0
1 1  
1 .034 3 .45 4.62 X 10
1 1  2.66 3 .57 X 1 0
1 1  
1 . 1 03 3 . 1 2  4. 1 7  X 1 0
1 1  2.24 3 .0 1 X 1 0
1 1  
1 . 1 72 2.74 3 .67 X 1 0
1 1  1 .9 2.55 X 1 0 1 1  
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Figure 4.4 Laser irradiance plotted versus the air pressure 
91 
The effect of laser wavelength on threshold energy was also investigated using the 
second harmonics (532 nm) laser pulse. However, at that wavelength the laser energy 
kept on fluctuating and it was not possible to obtain a steady power output from the laser 
system hence the investigation for determining breakdown threshold energies at 532 nm 
wavelength was discontinued. 
4.2 EFFECTS OF EQUIVALENCE RATIO ON MINIMUM IGNITION ENERGIES 
OF METHANE-AIR MIXTURES 
This section discusses the results obtained from the present investigation on the 
effect of equivalence ratio on minimum ignition energies of methane-air mixtures at a 
given pressure. In the present study, if 50% of the laser shots result in ignition for a 
mixture of methane and air at a given pressure and equivalence ratio then the laser energy 
absorbed by the mixture at that laser power is defined as the minimum ignition energy of 
methane-air mixture at that pressure and equivalence ratio. For the minimum ignition 
energy experiments the combustion chamber was charged with air and methane in the 
amount determined previously to achieve the desired equivalence ratio at a given 
pressure. For igniting the mixture laser shots were fired with increasing laser power each 
time the ignition did not occur. When ignition occurred a flame front was formed which 
traveled through the combustion chamber. The energy readings on the energy meters 
were noted before and after combustion. These readings were used to determine the 
minimum ignition energy. A calibration curve, which gave the actual laser energy 
92 
deposition was used to determine the absorbed energy, which is the minimum ignition 
energy of methane-air mixtures at a given pressure. 
Fig 4.5 shows the effect of equivalence ratio on the minimum ignition energy of 
methane-air mixtures at a pressure of 0. 1 MPa. This plot was obtained because most of 
the previous experiments performed for determining minimum ignition energy of 
methane-air mixtures were done at this pressure. As there was no data for minimum 
ignition energy of methane-air mixtures available at high-pressures this plot was 
generated so that results could be compared with the available results. The equivalence 
ratio at this pressure was varied from 0.6 to 1.2. 
As can be seen in Fig 4.5, the minimum ignition energy is lowest at stoichiometric 
conditions as expected for a typical hydrocarbon fuel. The minimum ignition energy 
increases as the mixture deviates from stoichiometric. It can be noted that the minimum 
ignition energy is influenced more by the lean composition of the mixture than the rich 
composition. The error bars in the plot show the range in which the minimum ignition 
energy was obtained for that condition. The values plotted are the average values of the 
minimum ignition energy obtained for that condition. The minimum ignition energy was 
measured to be 1.297 mJ at stoichiometric condition. It varied from 2.235 mJ to 1.487 
mJ for an equivalence ratio of 0. 6 and 1 .2, respectively. Due to laser fluctuations and the 
randomness of the electrons colliding with the molecules there is a large variation in the 
obtained minimum ignition energy. Hence 6 to 8 experiments were performed at a given 
equivalence ratio and at a given pressure. The variation in the value of the minimum 
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Fig 4.5 Effect of equivalence ratio on the minimum ignition energies of methane-air 
mixtures at O . 1  MP a 
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The trend observed for minimum ignition energies versus equivalences ratio at 0.1 
MPa is similar to that at other pressures. This can be seen from Figs 4.6 to 4 .9, which 
show the effect of equivalence ratio on minimum ignition energies at pressures of 0.2, 
0.34, 0.68 and 1.04 MPa, respectively. Fig 4.10 shows the effect of equivalence ratio on 
the minimum ignition energies of methane-air mixture at different pressures. 
Fig 4.11 shows the comparison between the minimum ignition energies of 
methane-air mixtures obtained in the present investigation at 1 atm and the minimum 
ignition energies of methane-air mixtures reported from previous investigations at 1 atm. 
The previous investigations include the electric spark ignition by Lewis and von Elbe 
[19], laser-induced ignition by Kingdon and Weinberg [28] and Lim et al . [29], a simple 
gas model by Syage et al. [32], and also the mathematical models used by Sloane and 
Ronney [21] and Ronney [1] for determining minimum ignition energies. 
The minimum ignition energies measured in the present investigation are quite 
close to those measured by Lim et al using nanosecond pulses. This may be due to the 
fact that similar laser and optical systems were used in the respective studies. For 
example both used Q-switched Nd-Y AG lasers at 1.064 µm wavelengths, however the 
pulse used by Lim et al was 10 ns while the pulse used in the present investigation was 
5 . 5  ns. Also the beam was focused using a 100-mm focal length lens in the current study 
as compared to 38-mm focal length lens used by Lim et al. However, Phuoc and White 
[30] measured minimum ignition energies (not shown in the plot) much higher than those 
measured in the present investigation using a similar Nd-YAO laser. A 75-mm focal 
length lens and a 5.5 ns pulse were used for focusing the laser beam in their case. They 
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Fig 4.6 Effect of equivalence ratio on minimum ignition energies of methane-air mixtures 
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Fig 4.11 Comparison of minimum ignition energies with previous investigators at 
pressure of 0. 1 MP a 
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3-4 mJ, which is approximately 3 times the minimum ignition energy measured in the 
present investigation. The discrepancy between the two measurements might be due to 
the shorter focal length arrangement employed in their investigation. This difference can 
be related to the thermal gradient mechanism as noted by Phuoc and White [ 1 8] that 
would associate higher ignition energy with shorter focal length arrangement. This 
theory if considered for the results obtained from Lim et al. gives completely opposite 
trend. But if one considers that Lim et al. [29] used a 1 0  ns pulse as compared to 5 .5  ns 
pulse used in the present investigation as well as in Phuoc and White's study, then the 
minimum ignition energy is expected to be higher. 
The minimum ignition energies obtained in the present investigation at 1 atm are 
higher than those reported by Lewis and von Elbe [ 19] using electric sparks. It is 
observed from the figure that the minimum ignition energies reported from laser-induced 
spark ignition are approximately three to four times larger than those reported from · 
capacitance-discharge electric spark ignition. Lewis and von Elbe reported the minimum 
ignition energy to be 0.4 mJ at stoichiometric, whereas in the present investigation the 
minimum ignition energy was found to be 1 .29 mJ at the same condition. Ronney [ 1 ]  
noted that, the minimum ignition energy measured from electric spark ignition is always 
less than that measured from laser spark ignition even though considering the heat losses 
through the electrodes are considerably more, which will result in requiring more energy 
for electrode ignition. The reason for this might be as the focal region where the energy 
is concentrated is so small, which results in increase in heat losses. Also the duration of 
the pulse being very small, flame kernel extinguishes before it ignites the mixtures. 
Hence more energy needs to be supplied, which increases the minimum ignition energy. 
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The results obtained by Sloane and Ronney [2 1 ]  theoretically using detailed 
chemical, hydrodynamic and transport models are much less than those obtained in the 
present investigation (about 0.5 mJ for ER = 0.55, 0. 10  mJ to 0. 1 22 mJ for stoichiometric 
mixture, and 0.7 to 0.8 mJ for ER = 1.33). The simple hot gas model based on 
homogeneous heating of a minimum flame volume whose energy depends on the 
quenching distance for the mixture and a temperature specified through a chemical 
induction time, reported results that have the minimum ignition energies to be highest as 
compared to the other results. These results are like the upper limits for all the 
investigations at a given equivalence ratio. 
4.3 EFFECT OF PRESSURE ON MINIMUM IGNITION ENERGIES OF METHANE­
AIR MIXTURES 
This section discusses the results obtained from the present study on effect of 
pressure on the minimum ignition energies of methane-air mixtures. All the previous 
investigations of minimum ignition energies of methane-air mixture were performed at 
atmospheric or sub-atmospheric pressures. Not much research was done at higher 
pressures. To determine the effect of pressure on minimum ignition energies of methane­
air mixtures, the mixture pressure was varied from 0. 1 MPa up to 1.04 MPa for a given 
equivalence ratio. The effect of pressure on minimum ignition energies was also 
investigated for different equivalence ratios. 
Fig 4. 1 2  shows the effect of pressure on minimum ignition energies of methane­
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the minimum ignition energy decreases with the increasing pressure. This trend is 
observed at all equivalence ratios investigated. In addition the minimum ignition energy 
is lowest at stoichiometric mixture and increases as the mixture deviates from 
stoichiometric. This is similar to the trend observed for methane-air mixtures at sub­
atmospheric and atmospheric pressures. 
As expected the minimum ignition energies decrease with increasing pressure. 
Due to the increase in collision frequency and number density of the molecules, less laser 
energy is required to ignite the methane-air mixture at high pressures. Even - though the 
pressure is increased, the minimum ignition energy is measured to be lowest at 
stoichiometric conditions as observed by Lee et al. [31] for propane-air mixtures at low 
pressures. The minimum ignition energies of methane-air mixtures for different 
pressures at various equivalence ratios are listed in Table 4.2. 
In this study at a given pressure the breakdown threshold energies for methane 
and air were much higher than the minimum ignition energies of methane-air mixtures at 
the same pressure. Hence there was no correlation between the breakdown threshold 
energies of methane and air and minimum ignition energies of methane-air mixtures. 
4.4 GENERAL OBSERVATIONS FROM THIS STUDY 
This section describes observations from and during the current investigation of 
determining the effect of pressure on breakdown threshold energies of methane and air 
and effect of pressure and equivalence ratio on minimum ignition energies of methane-air 
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Table 4.2 Minimum ignition energies of methane-air mixtures at different pressures and 
equivalence ratios 
Minimum Ignition Enery, mJ 
ER Cl> P =  1 atm P = 2  atm P = 3.4 atm P = S.l atm P = 6.8 atm P = 8.5 atm 
P =  10.2 
atm 
0.6 2.235 1 .3653 0.9757 0.9006 0.742 1 0.6322 0.5 1 1 5  
0.8 1 .4002 1 . 1 128 0.9 124 0.8336 0.6789 0.53 89 0.4365 
1 .0 1 .2978 1 .08 17 0.8643 0.7 1 5  0.6002 0.4776 0.3488 
1 .2 1 .4876 1 . 1 899 0.8965 0.7498 0.6647 0.5497 0.4547 
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mixtures. The spark generated for breakdown of gases and for igniting the mixture had a 
shorter time scale compared to kinetic time scale or chemical induction time scale. The 
mixture during the minimum ignition energy experiments ignited before the spark was 
generated. In the focused region the temperature was of the order of 106 K and a pressure 
in the order of 103 atm [30]. This extreme condition ignited the mixture directly or 
created a rapidly expanding shock wave, which had sufficient strength to ignite the 
methane-air mixture. 
During the experiments a lot of water was formed as a product of combustion. 
This water condensed while exhausting the burnt gases and accumulated on the walls and 
windows of the combustion chamber. Hence after each experiment the combustion 
chamber was opened to be cleaned and dried thoroughly. The condensation of water also 
caused a drop in the pressure in the airline of the system. The pressure drop was about 8 
to 10 % of the air pressure inside the chamber. 
For the minimum ignition energy experiments laser energy of the order of 20 to 
40 mJ was found to be sufficient to ignite the mixture at all pressures and equivalence 
ratios investigated. As expected it was easier to ignite mixtures at higher pressure then at 
low pressures. For the mixtures on rich side a pinkish flame was observed while on the 
lean side the flame was bright yellow instead of being bluish in color. 
For the breakdown threshold energy experiments lesser total laser energy of the 
order of 10 to 30 mJ was found to be sufficient for both methane and air at all pressures. 
The sparks created in air were very bright and white for some instances while sometimes 
gave a dull white color for the same pressure. On the other hand the sparks produced in 
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methane were dull and pinkish in color. This difference in colors observed for air and 
methane was due to the ionization of different species. 
The total laser energy that is mentioned above consists of the reflected energy 
from the beam splitter, absorbed energy by the mixture or gas and transmitted energy 
through the combustion chamber. For determining the absorbed energy a calibration 
curve was plotted having the reflected energy on one axis and the transmitted energy on 
the other. This calibration curve was plotted by evacuating the chamber so that there will 
be no absorbed energy. The readings for reflected and transmitted energy recorded from 
the experiments were compared with the calibration curve and the absorbed energy was 
obtained. 
During the minimum ignition energy experiments the mixtures up to equivalence 
ratio of 0.6 on lean side and 1.2 on the rich side could be ignited for all the pressure 
investigated. Outside these lean and rich limits the mixture did not ignite even though the · 
laser energy was increased to maximum. It was assumed that this might be due to 
improper mixing of the gases. Hence the mixture was allowed to mix for up to 8 hours 
but still no ignition was observed. To ensure proper mixing a stainless steel pipe 
extension was installed inside the combustion chamber. This steel pipe extension was 
designed in such a way that it would provide a whirl to the gases while entering the 
chamber. The steel pipe was curved to the shape of the combustion chamber and the pipe 
was cut vertically up to 1 inch through the diameter. Still it was not possible to ignite the 
mixture below the limits mentioned before. 
For the breakdown threshold experiments the breakdown was said to have 
occurred when a flash of the light from the spark was seen or a cracking sound from the 
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chamber was heard. The breakdown threshold energy was calculated in the same manner 
as the minimum ignition energy. It was decided to determine the breakdown threshold 
energies of methane and air up to a pressure of 14 atm but we were able to determine up 
to a pressure of 11.6 atm only. Above this pressure controlling of the laser energy 
became very difficult and hence it was impossible to determine the exact breakdown 
threshold energies. Also the low resolution of the energy meters restricted the measuring 
of laser power after certain extent. If an accurate laser varying devices and energy meters 
with higher resolution were available then it could have been possible to determine the 





The objective of this investigation was to investigate the effect of pressure on 
breakdown threshold energies of methane and air. In addition the effect of pressure and 
equivalence ratio on the minimum ignition energies of methane-air mixtures was also 
investigated. It was assumed that the formation of spark precedes the ignition process. 
Hence by determining the breakdown threshold energies and minimum ignition energies 
of methane-air mixtures a correlation could be determined between breakdown threshold 
energy and minimum ignition energy. And if a correlation existed then the minimum 
ignition energy of methane-air mixtures at a given pressure would be very close to the 
gas that has the lowest breakdown threshold energy at that pressure. But at a given 
pressure the breakdown threshold energies were found to be much higher than the 
minimum ignition energies. Hence there is no correlation between the breakdown 
threshold energies and minimum ignition energies. Also the methane-air mixture ignites 
before the spark is formed by the breakdown of individual gases. 
The breakdown threshold energies were determined for air and methane 
separately with the pressures varying from 0.02 MPa to 1.17 MPa. The breakdown 
threshold energies for methane at 0.02 MPa and 1.17 MPa were 23.23 and 1.9 mJ and for 
air at 0.02 MPa and 1.17 MPa were 28.84 and 2.74 mJ, respectively. The breakdown 
threshold energies were found to decrease with the increasing pressure for both the gases. 
The breakdown threshold energies of air were found to be about 2 to 3 mJ higher than the 
breakdown threshold energies for methane at a given pressure. The breakdown threshold 
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energies of air and methane were found to be similar to those obtained by Phuoc [ 1 8] at 
lower pressures. The breakdown threshold energies showed p ·0 pressure dependence, 
which is in good agreement with the electron cascade process for creating gas 
breakdown. The pressure dependence was found to be 0.444 for air and 0.378 for 
methane. 
The minimum ignition energies were determined for pressures ranging from 0. 1 
MPa to 1 0.3 MPa with equivalence ratios varying from 0.6 to 1 .2 using a 5 .5 ns pulse 
from a Q-switched Nd-Y AG laser at a wavelength of 1064 nm. At a given pressure the 
minimum ignition energy was found to be minimum for a stoichiometric mixture and it 
increased as the mixture deviated from stoichiometric. This trend was observed for all 
the pressures investigated. 
The minimum ignition energies of methane-air mixtures at 1 atm were similar to 
those obtained by Lim et al. [29] for nanosecond pulses and were much lower than those 
of Phuoc and White [30] .  Both of the above investigations were carried out using similar 
laser systems. The minimum ignition energies obtained in the present investigation were 
much higher than those obtained from electric spark ignition. The minimum ignition 
energies were found to decrease with increasing pressure at a given equivalence ratio. 
For future studies a high-speed video camera can be installed and the combustion 
process can be captured and a better understanding of the combustion phenomena can be 
obtained. Using high-speed camera for breakdown process can give an insight on the 
formation of spark, which is very important for ignition. More accurate data can be 
obtained if an accurate laser power controller is available. The adjusting of laser power 
1 1 2 
near the ignition point can be well achieved by this controller, which in turn will assist in 
obtaining more accurate results. 
1 1 3 
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